The SnPb molecule has been identified in a Knudsen effusion mass spectrometry experiment. The direct dissociation reaction and two isomolecular exchange reactions involving the Sn 2 and Pb 2 molecules have been studied, in the 1426 -1705 K range of temperatures, using both second and third law procedures. The D 0 ‫ؠ‬ (SnPb,g) has been derived, for the first time, as ͑122.6Ϯ4.0͒ kJ mol
I. INTRODUCTION
One piece of the information needed for a full understanding of a chemical bond is the energy stabilization that results. If one considers chemical bonds involving permutations of all the elements across the entire periodic system, much of the pertinent energetic information has been collected over the years ͑see, for example, Ref. 1͒ by the high temperature KEMS ͑Knudsen effusion mass spectrometric͒ technique which couples a Knudsen molecular source with a masspectrometric analysis of the effusing beam. [2] [3] [4] Diatomic molecules, moreover, represent the first step in the understanding of the chemical bonding between atoms. Therefore, the importance of experimental determinations and theoretical evaluations on new diatomic molecules does not need to be underscored. In addition, the group-IVA elements are actively investigated for their various applications in many areas such as catalysis, sensor films, and new cluster materials.
Among the ten IVA intergroup heteronuclear diatomic molecules only half of them, SiC, GeC, SnC, GeSi, and SnGe, have experimentally characterized energetics at various levels of reliability ͑e.g., the GeC dissociation energy could be seriously in error as shown by Sari et al. 5 ͒. The dissociation energy has not been measured for any of the IVA-Pb diatomics. On the contrary, the molecular parameters of the SnPb molecule, which are important ancillary data needed in the thermodynamic treatment of the primary KEMS results, have been determined in an extensive photoelectron study of the Sn 2 Ϫ , Pb 2 Ϫ , and SnPb Ϫ anion by Ho et al. 6 In this KEMS investigation, the SnPb gaseous molecule has been identified in the molecular beam effusing from an especially designed Knudsen cell. Its dissociation energy has been measured both directly and by comparison with that of the homonuclear molecules Sn 2 and Pb 2 . Experiments on the new gaseous molecule SnPb have also been complemented with a computational study of its properties up to the coupled clusters CCSD͑T͒ level of theory.
II. EXPERIMENT
The basic features of the classical Knudsen effusion mass spectrometric apparatus employed have been previously described. 7 A single focusing 30.5 cm radius of curvature, 60°magnetic sector mass spectrometer was used. The detector was a secondary electron multiplier. Ionization of the vapors effusing from the cell was accomplished with 70 V electrons while the electron emission current was regulated at 1.0 mA. Ionization efficiency curves ͑IEC͒ measurements were made by continuously varying the energy of the electrons up to 70 V.
The large difference in fugacity between pure Pb and Sn, together with the requirement of keeping the total pressure in the Knudsen cell within the molecular effusion conditions, would suggest using a sample with a reduced activity of Pb. While this, in principle, is easy to achieve by simply alloying Pb and Sn, a more convenient method of control is to regulate the relative partial pressures of the two elements. Therefore, we preferred an experimental approach which is, basically, the double oven technique. 2 More specifically, the design of the crucible used is similar to that employed by Hilpert et al. 8 The principal Knudsen cell was suspended with tungsten rods within the hot zone where heating was accomplished with three tungsten strips. To this upper compartment containing Sn, was attached an ausiliar one, which, kept in a lower temperature zone ͑ϳ50 mm in distance͒ and loaded with Pb, generated a flux of Pb vapor that was largely superheated in the upper compartment. Crucibles were machined from high purity high density graphite blocks, and temperatures were measured with Pt/Pt-Rh 10% thermo-couples. Temperature readings were checked by repeatedly observing the triple point of Ag. This molecular source made it possible to verify the equilibrium conditions for the molecule formation in a rather large range of pressure ratios P Pb / P Sn .
III. COMPUTATIONAL METHODS
Density-functional theory ͑DFT͒ and ab initio methods were employed for studying the structure, adiabatic ionization energy ͑IE͒, adiabatic electron affinity ͑EA͒, and dissociation energy (D 0 ‫ؠ‬ ) of the electronic ground-state X 3 ⌺ of SnPb. The calculations were performed using the Becke three-parameter exchange functional with the Lee, Yang, and Parr correlational functional ͑B3LYP͒, the second-and fourth-order Møller-Plesset ͑MP2 and MP4͒ perturbation theory, and the coupled cluster singles and doubles excitations approach including the effect of connected triples excitations ͓CCSD͑T͔͒. The basis sets used were the StuttgartDresden-Bonn relativistic effective core potential ͑SDB͒ with large core correlation-consistent polarized valence triple-͑cc-pVTZ͒ pseudopotential basis set for Sn 9 and the Stuttgart basis set with a relativistic large core ͑RLC͒ and effective core potential ͑ECP͒ for Pb. 10 The adiabatic IE and EA were calculated using the relationships (E cation ϩZPE cation )Ϫ(E neutral ϩZPE neutral ) and (E neutral ϩZPE neutral ) Ϫ(E anion ϩZPE anion ), respectively, where E is the total electronic energy of the optimized geometry and ZPE the zeropoint energy. The computations were performed with the GAUSSIAN 98 program package.
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IV. RESULTS
A. Identification of ions
Throughout these experiments, the single ionized species Sn ϩ , Pb ϩ , Sn 2 ϩ , Pb 2 ϩ , and SnPb ϩ were observed and identified by measurement of mass-to-charge ratios, isotopic abundances, shutter profiles, and IEC ͑ionization efficiency curves͒. To our knowledge, the heteronuclear species SnPb ϩ was identified here for the first time. For the elemental monomers and dimers, the appearance energy ͑AE͒ values were in agreement with literature data. For the newly identified molecule SnPb, the IEC did not show any significant fragmentation process. An analysis of the best ionization efficiency curve, measured at 1700 K, allowed for a determination of the ionization energy of the neutral molecule. The value here proposed of ͑6.7Ϯ0.3͒ eV is an average of those derived by various methods: 12 Vanishing current ͑6.9͒, linear extrapolation ͑6.7͒, semilog plot ͑6.5͒, and extrapolated voltage difference ͑6.5͒. Ag and Pb were used as references in these determinations.
The measured ion currents are shown in Table I . From these ion currents, partial pressures of the atomic and molecular species were obtained with the relation P i ϭk f i I i ϩ T, where k is the instrument sensitivity constant and the factor
Ϫ1 , specific to each ion i, includes the electron impact ionization cross section , the multiplier gain ␥, and the isotopic abundance a. Also in Table I are the adopted values of the instrument sensitivity constants for each experiment. These values were determined before and after each experiment by quantitative silver calibration vaporizations and by assuming unit activity for Sn in the initial part of the experiments; in addition, further controls of the Sn 2 (g) ϭ2Sn(g) and Pb 2 (g)ϭ2Pb(g) equilibria were made over a range of temperatures different from those used for the molecule SnPb. Relevant data for the Sn 2 (g)ϭ2Sn(g) and Pb 2 (g)ϭ2Pb(g) equilibria were taken from the Ivtanthermo database. 13 The multiplier gains were assumed to be proportional to the inverse square root of the pertinent ionic masses. The ionization cross sections of the atoms were taken from the experimental determination of Freund, 
B. Reaction enthalpies and dissociation energy
The bond energy of the newly identified SnPb molecule was obtained from the thermodynamic study of the following gas-phase reactions:
the direct dissociation reaction SnPb͑g ͒ϭSn͑ g ͒ϩPb͑ g ͒, ͑1͒
and two isomolecular exchange reactions
SnPb͑g ͒ϩPb͑ g ͒ϭSn͑ g ͒ϩPb 2 ͑ g ͒. ͑3͒
These last two reactions involve the dimers Sn 2 and Pb 2 for which the dissociation energy values of 183.4Ϯ0.3 15 and 83Ϯ1 kJ mol Ϫ1 16,17 are well known. From the measured ion intensities and the derived partial pressures, equilibrium constants have been calculated for the equilibria ͑1͒-͑3͒. The equilibrium constants as a function of the temperature were then analyzed using the so-called second and third law methods. [2] [3] [4] It is worthwhile to recall that the second law procedure allows the determination of the enthalpy change at the average temperature of the experiment, ⌬ r H ͗T͘ ‫ؠ‬ , by a least-square analysis of a van't Hoff plot, ln K p vs 1/T. This value can be reduced to 0 K reference temperature through the use of the heat content functions, H T ‫ؠ‬ ϪH 0 ‫ؠ‬ (HCF 0 ), of reactants and products. On the contrary, the third law procedure, through the relation
/T͔ are the Gibbs energy functions (GEF 0 ), allows the determination of a ⌬ r H 0 ‫ؠ‬ value at each experimental temperature point. When thermal functions are sufficiently well established, third law results are usually preferred because they are less sensitive to random errors and allow an easier identification of trends due to systematic errors. The pertinent data for these procedures are reported in Table II for all reactions studied along side the derived dissociation energies of the SnPb molecule.
C. Thermal functions
The thermodynamic functions for the monoatomic elements as well as for the dimers were taken from the Ivtanthermo database. 13 As mentioned before, many of the molecular parameters of the SnPb neutral molecule have been reported by Ho et al. 6 In particular, we used the vibrational frequencies determined by Ho et al. 6 for the ground and the first three low-lying electronic states of SnPb, together with their term energies. As for the bond lengths, Ho et al. 6 could only determine the changes of the bond distance for different neutral electronic states upon photodetachment of the SnPb Ϫ anion. Therefore, the bond length of 2.863 Å calculated at the CCSD͑T͒ level of theory has been used together with the aforementioned experimental differences in bond lengths in order to evaluate the thermodynamic functions, HCF 0 and GEF 0 , of SnPb. Whenever possible the vibration-rotation interaction constant ␣ e has been estimated with the Pekeris relation for the anharmonic oscillator. 18 These functions, calculated by taking into account the interdependence of electronic and internal motions (QϭQ tr (T,p)• ͚ i q rot (T,r e,i )
⌬⑀ i /RT ), are reported in Table III together with the term energies and molecular parameters used.
D. Computational results
The optimized molecular parameters, zero-point vibrational energy ͑ZPE͒, adiabatic IE, adiabatic EA, and D 0 ‫ؠ‬ for the electronic ground state X 3 ⌺ Ϫ (1  2 2  2 3  2 1 2 ) of SnPb are listed in Table IV . At the highest level of theory, CCSD͑T͒, the computed vibrational frequency of 156 cm Ϫ1 is in good agreement with the experimental value 6 of ͑148 Ϯ15͒ cm Ϫ1 . There is no experimental bond distance available for SnPb, so the optimized value of 2.863 Å was used in the evaluation of its thermal functions as described previously.
In order to support the choice of the CCSD͑T͒ level of theory for the computed molecular parameters, we performed calculations with the same level of theory and basis sets for Sn 2 , Pb 2 , and the SnPb Ϫ anion whose molecular parameters are well known. There is an excellent agreement for the homonuclear molecules between our optimized bond distances and the experimental values. Specifically, we calculated a r e of 2.798 Å for Sn 2 , only 2% larger than the spectroscopic value, and a r e of 2.956 Å for Pb 2 , ϳ1% larger than the experimental one. For SnPb Ϫ the bond distance is not spectroscopically determined, but the difference r e (SnPb Ϫ ,g)Ϫr e (SnPb,g) of 0.085 Å is known from the negative ion photodetachment investigation of Ho et al. 6 The CCSD͑T͒ computed r e (SnPb Ϫ ,g) is equal to 2.781 Å, and r e (SnPb Ϫ ,g)Ϫr e (SnPb,g)ϭ0.082 Å, in perfect agreement with Ho et al. 6 The computed harmonic vibrational frequency of 186 cm Ϫ1 for Sn 2 is the same than the value determined by Ho et al., 6 whereas the calculated frequency of 127 cm Ϫ1 for Pb 2 is ϳ15% larger than the experimental value. The calculated e (SnPb Ϫ ,g) of 164 cm Ϫ1 overestimates the spectroscopic finding by only 3 cm Ϫ1 . Moreover, from the computational results it is worthwhile to note that according to the Mulliken population the absolute value of atomic charges is extremely small, changing from 0.05 at the B3LYP level to 0.13 at the MP4 and CCSD͑T͒ level. This together with the valence electronic structure 1 2 2 2 3 2 1 2 would suggest the presence of a double bond with a very little ionic contribution for the SnPb electronic ground state.
V. DISCUSSION
It should be noted that in the present study all the necessary thermodynamic functions of the atoms and molecules involved in the equilibria studied are known with a rather high degree of accuracy. Therefore, the third law analysis is preferred to the second law procedure. Nevertheless, a comparison between third and second law analyses is very useful in assessing the quality of the primary data.
The equilibrium data summarized in Table II show that for all the three equilibria studied, the 0 K reaction enthalpies derived from the third law agree with the second law values within the uncertainty limits. Since the second law analysis is independent of the instrument sensitivity constant, this agreement is especially important in the case of reaction ͑1͒ whose equilibrium constant depends directly on this parameter and for which a larger set of data could be collected. Third law analysis of the pressure independent exchange reactions ͑2͒ and ͑3͒, in view of the compensation between reactants and products, is less sensitive to systematic errors in the auxiliary parameters, i and ␥ i , needed in converting ion intensities in partial pressures. However, the second law procedure for reactions ͑2͒ and ͑3͒ is still the more direct way of deriving ⌬ r H 0 ‫ؠ‬ from equilibrium constant measurements. Overall, in spite of the limited number of experimental points in the case of the isomolecular reactions ͑2͒ and ͑3͒, the agreement found for all the reactions studied gives confidence in the measurements. In addition, the drift in temperature of the third law values reported in the Table II provides a figure of merit for the absence of temperature trends in the equilibria studied. For the reason previously stated, the selected D 0 ‫ؠ‬ values reported in Table II are those derived from the third law enthalpies of reactions.
The quality of the primary data is also apparent from An assessment of the reliability of the auxiliary parameters, electron impact cross sections and multiplier gains, used in converting ion intensities into pressures is useful both for estimating the overall uncertainty and selecting the final value of the dissociation energy. The uncertainty in the electron impact cross sections continues to be one of the main sources of error in the KEMS technique. For the atoms in the present study, the recent experimental determination by Freund et al.
14 has been preferred with respect to the most common adoption of the complete set of values calculated by Mann. 19 Different methods have been used in the past in estimating the diatomic molecule cross sections from the atomic values. The procedure used here for the assessment of the final data is the most common and assumes the additivity of atomic values reduced by the factor 0.75. 4 However, other reducing factors, both lower and higher, have been proposed. 4 Recently, a simple and accurate method has been proposed by Hastie. 20 This method, developed for ionic molecules, has been also adapted to species with significant covalency ͑up to 50%͒ and homonuclear dimers. For the sake of comparison, we used this method for all of the diatomics involved in the reactions ͑1͒-͑3͒. For the SnPb molecule the quantum-mechanical calculations indicated a very small charge separation. In this case, tentatively, the method has been used treating the molecule as homonuclear and, therefore, in the framework of the model, taking into account the elements isoelectronic with the Sn 2 ϩ and Pb 2 ϩ ions. The calculated cross sections, which are at the maximum of the ionization efficiency curve, have been reduced to the here used 70 eV energy of the ionizing electrons with the procedure suggested by Hastie. 20 Cross sections were also calculated by the additivity method with a reducing factor of 0.9. The resulting cross sections were as follows: As for the multiplier gain, the inverse square root dependence on the mass is the largely prevailing choice found in the literature. However, the alternative choice of a mass Ϫ0. 4 dependence, 4 which once again has no influence on the second law values, significantly affects the direct dissociation reaction ͑1͒. Specifically, the third law D 0 ‫ؠ‬ value increases to 130.3 kJ mol
Ϫ1
. Variations in the D 0 ‫ؠ‬ values derived by reactions ͑2͒ and ͑3͒, as before, are much smaller, ϩ0.3 and Ϫ0.4 kJ mol Ϫ1 , respectively, as a consequence of the intrinsic compensation in the exchange reaction equilibrium constants.
As it is apparent from the results of Table II preceding discussion, the D 0 ‫ؠ‬ (SnPb,g) values which are derived by the analysis of the exchange reactions ͑2͒ and ͑3͒ are valuable for two important reasons. Firstly, they are in very close agreement. Secondly, these results are much less sensitive to different choices of the ancillary parameters needed in analyzing the primary data. On the other hand, the number of experimental points which could be collected is much smaller and at the limit of statistical significance. As a consequence, an average dissociation energy of ͑122.6Ϯ4.0͒ kJ mol Ϫ1 for the SnPb molecule has been obtained by both weighting the values derived from equilibria ͑2͒ and ͑3͒ twice that from equilibria ͑1͒ and on the number of experimental points. The quoted error takes into account the preceding discussion.
Based ‫ؠ‬ (SnPb,g). At the same level of theory, the computed adiabatic electron affinity underestimates the anion photoelectron spectroscopic value 6 of 1.699 eV by ϳ19%. On the contrary, the calculated adiabatic IE of 6.88 eV is in very good agreement with the experimentally determined value, ͑6.7Ϯ0.3 eV͒, in this investigation. In order to compare these values one should take into account that, at the temperature of the experimental determination ͑1700 K͒, the first two low lying electronic levels of the neutral molecule, at 0.17 and 0.29 eV ͑see Table III͒ are significantly populated ͑33% and 14%, respectively͒. Therefore, while the resulting spread in energy of the neutral electronic levels is within the experimental error, with the simplifying hypothesis of the formation of an unique ion state, the agreement is even slightly improved. Moreover, it is possible to derive the dissociation energy of the SnPb Ϫ anion using the ͓D 0 ‫ؠ‬ (SnPb Ϫ ,g)ϪD 0 ‫ؠ‬ (SnPb,g)͔ value of ͑0.587Ϯ0.012͒ eV precisely measured by Ho et al. 6 and the D 0 ‫ؠ‬ (SnPb,g) obtained in this investigation. The D 0 ‫ؠ‬ (SnPb Ϫ ,g) is then determined as ͑179.2Ϯ4.2͒ kJ mol Ϫ1 or ͑1.857Ϯ0.044͒ eV.
VI. CONCLUSION
In this study the dissociation energy of the SnPb molecule has been determined for the first time via Knudsen effusion mass spectrometry. In order to evaluate the mass spectrometric data of the three equilibria studied through both second and third law procedures, we performed DFT and ab initio calculations up to the CCSD͑T͒ level of theory to obtain reliable values for the bond distance of the electronic ground state of SnPb. The D 0 ‫ؠ‬ (SnPb,g) is derived as ͑122.6Ϯ4.0͒ kJ mol Ϫ1 . From the analysis of the ionization efficiency curve, the IE͑SnPb,g) is determined to be ͑6.7 Ϯ0.3͒ eV. This value compares well with the computed adiabatic IE of 6.88 eV. Moreover, from the D 0 ‫ؠ‬ (SnPb,g) together with the ͓D 0 ‫ؠ‬ (SnPb Ϫ ,g)ϪD 0 ‫ؠ‬ (SnPb,g)͔ value we obtained a D 0 ‫ؠ‬ (SnPb Ϫ ,g) of ͑179.2Ϯ4.2͒ kJ mol Ϫ1 or ͑1.857 Ϯ0.044͒ eV.
